Two recent publications dealing with pentamethylcyclopentadienylvanadium complexes [1, 2] prompt us to report upon our investigations of the reaction of Cp*V(CO)4 (1) with halogens X 2 (X = Cl, Br, I) and oxygen, 0 2.
Three types of complexes (2-4) have been iden tified: The air-sensitive, paramagnetic vanadium(IV) compounds Cp*VX3 (2b-d) are isolated in al most quantitative yield when hexane solutions of Cp*V (C O )4 (1) are oxidized by the halogen X 2 (X = Cl, Br, I). The products Cp*VX3 (2) are insoluble in hexane and therefore are protected effectively against air by the supernatant solvent. The complex Cp*VCl3 (2b) had been obtained previously in very low yield from the reaction of Cp*2VCl2 with thionyl chloride, SOCl2 [1] .
The diamagnetic vanadium(V) complexes Cp*V O Cl2 (3b) and Cp*VOBr2 (3c) are formed im mediately upon stirring solutions of Cp*VX3 (in toluene or THF) in the presence of air. They are obtained in one step when Cp*V(CO)4 (1) is simul taneously treated with oxygen and either chlorine or bromine. The preparation of Cp*VOCl2 (3b) by the reaction of Cp*V(CO)4 (1) with Cl2 and 0 2 in CC14 solution is a rapid and high yield (>80% ) synthesis [2] , and the quantitative conversion of 3 b into Cp*VOBr2 (3c) by BBr3 has been described [2] , Cp*V O Cl2 (3b) has also been obtained by treating either Cp*2VCl2 or Cp*VCl3 (2b) with nitrogen monoxide, N O , and its crystal structure has been determined [1] .
An alternative route to complexes of the type C p*V O X 2 (3) starts by oxidative decarbonylation of Cp*V (C O )4 (1) . If hexane solutions of 1 are treated with oxygen, a black material (5) precipitates which forms dark-red solutions in either toluene or THF. The nature of this polynuclear, diamagnetic product has not been elucidated so far; the IR spectra indi cate that both terminal V = 0 groups and bridging V -O -V units are present [8 ] . Analytical and 'H NM R-spectroscopic data are consistent with an ap proxim ate composition {"Cp*3V4 0 9" } (5). The reac tion of 5 with halogens X2 (X = Cl, Br) gives 3b, c, and the same products are formed with HX, albeit the yields of 3 b ,c are lower. The use of aqueous hydrofluoric acid in the reaction with 5 opens a route to the fluoro complexes Cp*VOF2 (3a) and [C p*V 0F ]2 (w-0) (4a).
The mononuclear complex types Cp*VX3 (2) and C p*V O X 2 (3) are similar to the corresponding un substituted cyclopentadienyl complexes, CpVX3 and C pV O X 2 (X = Cl, Br), which were first investigated by E. O. Fischer and coworkers [3] . However, the binuclear compounds of the type [Cp*V 0X ]i(w -0) (4) so far apparently have no cyclopentadienyl analogues [4] , The green binuclear complexes 4 b-d are form ed if either the trihalides Cp*VX3 (X = Cl, Br, I) or the oxo-dihalides Cp*VOX2 (X = Cl, Br) are used to provide a limited am ount of halide ligands to the polynuclear oxo complex 5. The in fluence in the halide concentration was dem on strated of the reaction between Cp*VBr3 (2c) and 5:
The two components were stirred in three different ratios in toluene solution, and the solid material re maining after evaporation of the solvent was extracted with hexane. If the polynuclear oxo com plex 5 is tentatively considered as containing vanadium(V) units "C p * V 0 2" , the ratios were 2:1, 2 :4 and 2 :7. In the case of excess Cp*VBr3 (2:1), the hexane-soluble part contained only Cp*VOBr2 (3c) while in the case of excess oxo complex (2:7) only the binuclear com pound [C p*V 0B r]2 (w-0) (4c) was formed. Both 3c and 4c were present in the case of 2 :4 , as indicated by the l5V NMR spectra.
The binuclear compounds 4b and 4c were also formed in the reactions of Cp*V(CO) 4 (1) with m olecular oxygen in chloroform and bromoform solution. The geometry of the chloro complex [C p*V 0C l]2 (« -0 ) (4b) could be confirmed by an X-ray structure analysis (see below). The iodo com plex [C p*V 0I]2 (w-0) (4d) had been obtained before by Bottomley et al. [1] from the reactions of dioxy gen, 0 2, with either Cp*2V I2 or [Cp*VI2]2 (« -0 ).
A mixture of the two fluoro complexes [C p*V 0F]2 (w-0) (4a) and Cp*VOF2 (3a) is ob tained if aqueous hydrofluoric acid is added to the dark-red toluene solutions of the oxo compound 5. The m ononuclear derivative 3 a is somewhat more volatile than the more stable binuclear oxo-bridged com pound 4a. The complexes 3a and 4a are most easily identified in the 51V NMR spectra where a tri plet ( '/ ( 5 1 V ,19F) 234 Hz) is observed for 3a while a broad doublet ( '/(^V , 1 9 F) 190 Hz) appears for 4a (Table I and Fig. 1 ). The conversion of 3a into 4a can be followed in the MV NMR spectra; addition of excess aqueous hydrofluoric acid shifts the equilib rium back to the m ononuclear compound 3a.
3a
The slow formation of 4a is similarly observed in samples of solid 3a, even at 0 °C.
-300 -400 -500 -600 6 /ppm Spectroscopic Characterization (Table I) 51V NM R spectroscopy is the most sensitive method available for the identification and characterization of the diamagnetic vanadium(V) complexes, Cp*VOX2 (3) and [C p*V 0X ]2 (« -0 ) (4). In both series, the MV signal is shifted downfield if the halogen is varied in the order F -Cl -B r-I. The <3(MV) values found for Cp*VOCl2 (3b) and Cp*VOBr2 (3c) are in reason able agreem ent with the values reported in the litera ture [2 ] although recorded under slightly different conditions (Table I) . A mononuclear iodo com pound Cp*V O I2 could not be isolated although a single ;'1V NM R signal at +354 ppm (A v1/2170 Hz) is observed for reaction mixtures containing either Cp*VI3 (2d) in the presence of small amounts of oxygen or Cp*V O Cl2 (3b) together with KI. The species "C p*V O I2" (3d) to which this signal might be assigned is also observed in the mass spectra of 2 d and 4d.
The infrared spectra contain the very intense and sharp stretching absorption of the terminal V = 0 group in the narrow range between 960 and 970 cm-1. An additional strong, broad band between 720 and 770 cm -1 in the binuclear complexes [C p*V 0X ]2 (w -0) indicates the presence of an oxo bridge. The assignment of the vanadium-halogen stretching absorptions is straightforward only in the case of the C p*V O X 2 compounds (3a-c). Tentative M -X assignments based both on relative intensities and comparison of band patterns are given for the remaining complexes in Table I . The bands in the range between 420 and 460 cm-1 are tentatively as signed to vanadium-ring vibrations.
In the electron-impact mass spectra of the m ono nuclear complexes Cp*VX3 (2) and Cp*VOX2 (3), the molecular ion (M +) can be observed. The spectra of the trihalides Cp*VX3 (2b -d) indicate consecu tive loss of X and HX from the molecular ion; in general, the spectra contain low-intensity signals due to the form ation of the oxo-vanadium(V) derivatives Cp*VOX 2 (X = Cl, Br, I). The appearance of binu clear and trinuclear species which are probably form ed by secondary thermal reactions in the ion source, becomes more im portant with the heavier halogens: Thus the mass spectrum of Cp*VCl3 (2b) contained only small peaks ascribed to Cp*2 V2Cl4; the spectrum of Cp*VBr3 (2c) indicated the presence of minor am ounts of Cp*2 V2 Br4 and Cp*2V2 O Br3, while in the case of Cp*VI3 (2d) the fragmentation pattern of Cp*2V 2 O I3 was observed as well. The mass spectra of the oxo-vanadium complexes Cp*VOX2 (3a-c) indicate elimination of HX from the molecu lar ion; the peak of highest intensity is due to the ring Table II .
Experimental

Synthetic studies
All manipulations were routinely carried out under inert gas (A r or N:). The starting material C p*V (C O ) 4 (1) was prepared by modified literature procedures [cf. 5, 6 , 7] , 10 g (19.6 mmol) of the salt [Na(diglyme)2 ][V (CO )6] were added at 0 °C to a mix ture containing 65 ml H 3 P 0 4 and 10 g P4 Oi0. The mixture was slowly heated to 40-50 °C. and the V (C O ) 6 thus formed was sublimed under high vacuum onto a finger which was cooled to -30 °C. The dark blue product was diretly transferred into a Schlenk vessel and dried in an aspirator vacuum. Yield 4.00 g (93%).
A solution containing 3.25 g (14.84 mmol) dry V (C O ) 6 and 3.5 ml (21.7 mmol) pentam ethylcyclopentadiene, C5M e5H, in 150 ml hexane was heated under reflux for 3-4 h. The reaction mixture was concentrated to 30 ml and then chrom ato graphed over a short column (5x3 cm, Merck silicagel 60). Elution with pentane/toluene (10:1) gave an orange zone containing Cp*V (CO )4. The solvent was taken off, the oily residue was dissolved in 10 ml pentane and recrystallized at -78 °C. Subli mation in a high vacuum (-80 °C, ca. 10~: bar) gave 2.80 g Cp*V (CO ) 4 (1) (63%).
Trihalogeno(if-pentamethylcyclopentadienyl)-vanadium complexes
Cp*VCl3 (2b): A solution of 0.10 g (0.34 mmol) C p*V (CO ) 4 (1) in 30 ml hexane was kept under an atm osphere of Cl2 for 15 min. The grey-lilac precipi tate 2b was washed twice with 15 ml hexane and dried under high vacuum. The yield is practically quantitative (95 mg). M.p. 195 °C (dec.). Molecular mass 291 (by mass spectroscopy, based on 3 5 C1).
Cp*VBr3 (2c): 0.45 ml (8 . 8 mmol) bromine were added dropwise to a solution containing 0.87 g (2.92 mmol) Cp*V(CO) 4 (1) in 30 ml hexane. The dark grey product 2c precipitated immediately. The light green hexane solution (containing excess Br2 and some Cp*VOBr2 (3c) was rem oved, and 2 c was washed twice with 20 ml hexane and dried. Yield 1.22 g (98%); no melting observed up to 210 °C. Molecular mass 423 (by mass spectroscopy, based on "Br).
Cp*VI3 (2d): A solution of 0.19 g (0.75 mmol) iodine in 4 ml toluene was added to a solution con taining 0.15 g (0.5 mmol) C p*V (C O ) 4 (1) in 40 ml hexane. The brick-red precipitate of Cp*VI3 (2d) was washed with pentane and dried in a high vacuum where the colour changed to brown. Yield 0.27 g (95%). Molecular mass 567 (by mass spectroscopy).
Dihalogeno-oxo(rf-pentamethylcyclopentadienyl)-vanadium complexes
Cp*VOCl2 (3b): A solution of 0.30 g (1 mmol) Cp*V(CO)4 (1) in 30 ml hexane was stirred under a Cl2 blanket for 15 min. The hexane was then de canted and the residue Cp*VCI3 (2b) dissolved in 30 ml THF. W hereas the solution was stirred under air the colour slowly became blue-green. A more rapid formation of 3 b can be achieved by bubbling 0 2 through the solution. The solvent was evaporated and the dark residue extracted three times with each 50 ml pentane. Cp*VOCl2 (3b) was crystallized from the concentrated pentane extracts. Yield 0.20 g (73% ), green needles, m.p. 194 °C [2] .
Cp*VOCl2 (3b): A solution of 0.30 g (1 mmol) Cp*V(CO)4 (1) in 30 ml hexane was exposed to a slow stream of 0 2 for 2 0 min and the mixture stirred under 0 2 over night. The hexane solution was re moved from the black residue of 5 which was then dissolved in 30 ml THF. The solution was stirred under an atm osphere of chlorine for 15 min. The green solution was taken to dryness and the residue extracted several times with 50 ml pentane. Crystalli sation from the concentrated extracts gave 0.23 g ;84%) Cp*VOCl2.
Cp*VOBr2 (3c): A hexane solution (25 ml) con taining 0.20 g (0.67 mmol) Cp*V (CO ) 4 (1) and a hexane solution containing 0.3 ml (5.85 mmol) bromine were combined to give a dark precipitate of Cp*VBr3 (2c). The solvent and the excess brom ine vvere removed under vacuum, and 2 c was then dis solved in 25 ml TH F and stirred in the presence of air. A fter 30 min the green solution was brought to dryness and the residue extracted three times with 30 ml pentane. Crystallization gave 0.23 g (95% ) Cp*VOBr2, dark green crystals, m.p. 180 °C (dec.).
Cp*VOBr2 (3c): 0.3 ml (5.85 mmol) brom ine were added dropwise on air to a solution of 0.30 g (1 mmol) Cp*V (CO) 4 (1) in 30 ml TH F, and the solution was stirred in an open vessel with occasional shaking for 5 h. W ork-up (as above) including ex traction of the residue with pentane gave 0.35 g (96%) dark green crystals of Cp*VOBr2 (3c).
Oxidative decarbonylation o f Cp*V(CO )4 (1)
A slow stream of oxygen, 0 2, was bubbled through an orange solution containing 0 . 6 g ( 2 mmol) Cp*V (CO ) 4 (1) in 30 ml toluene for 10 min. The solution becomes dark-red (in the transparent light). The solvent was removed under high vacuum, and the black (somewhat oily) residue was extracted with pentane to remove unreacted starting material 1 . The residue (5) was dried in a high vacuum. 0.33 g, black powder [8 ] . 
u-Oxo-bis[halogeno-oxo(r]-' -pentamethylcyclopentadienyl)vanadium] complexes
[C p*V 0F]2 (//-0) (4a): A 48% aqueous solution of hydrofluoric acid (0.1 ml, 2.8 mmol HF) was added at -15 °C to a toluene solution containing 0.18 g of the oxo complex 5 (corresponding to 0.72 mmol "C p * V 0 2"). The reaction mixture was stirred for 30 min before the solvent was evaporated and the remaining material extracted three times with pen tane. The crude product 4a which remained as a blue-violet, somewhat sticky solid after evaporation of pentane was recrystallized from a pentane/TH F mixture [C p*V 0C l]2 (/y-0) (4b): A toluene solution (20 ml) containing 0.06 g (0.2 mmol) Cp*VCl3 (2b) and 0.15 g 5 (0.6 mmol "C p * V 0 2") was stirred at room tem perature for 10 min. The colour of the dark solution changed to green. The solvent was evapo rated, the residue extracted three times with 2 0 ml hexane to give -after recrystallization from diethyl ether -0.06 g dark green crystals of 4b. Yield 40%, m.p. 191 °C.
[C p*V 0B r]2 (u -0 ) (4c): 0.10 g (0.23 mmol) Cp*VBr3 (2c) and 0.18 g 5 (corresponding to 0.72 mmol "C p*V 02") were dissolved in 15 ml toluene. The solution became green upon stirring. The product 4c was isolated from the residue of the reaction mixture by extraction with hexane. Yield 0.08 g (41% ), m.p. 188-190 °C.
[C p*V 0I],C u-0) (4c): 0.10 g (0.18 mmol) Cp*VI, (2 d) and 0.14 g 5 (corresponding to 0.56 mmol "C p * V 0 2") were reacted in toluene solution to give, after extraction of the product using hexane, 0.105 g dark green crystals, m.p. 139 °C (dec.). Yield 59%. X-ray structure analysis of [Cp*V 0C l]2 (« -0 ) (4b): Syntex R 3 ; MoK" radiation (single crystals obtained from diethyl ether solutions). Crystallographic data see Table III , positional param eters of the non hydrogen atoms see Table IV . Further crystal structure data may be obtained from Fachinform ationszentrum Energie, Physik. M athe matik G m bH , D-7514 Eggenstein-Leopoldshafen 2, by quoting the depository num ber CSD 52782, the names of the authors and the full literature citation.
Instrumentation
